Apo-transferrin (apo-hTf) and holo-transferrin (holo-hTf) were separately conjugated to 15-nm colloidal gold. Iron-restricted Neisseria rneningitidis strain SD (B: 15:Pl.M) bound up to three-fold more holo-hTf than apo-hTf (p<O.OOl). The ability of meningococcal mutants lacking either transferrin-binding protein A (TbpA) or TbpB to discriminate between apo-hTf and holo-hTf was also investigated. There was no significant difference between the amount of gold-labelled apo-transferrin bound by the isogenic TbpA mutant (expressing TbpB) and the parent strain, whereas an isogenic TbpB mutant (expressing TbpA) bound significantly less gold-labelled apo-hTf. The isogenic TbpA and TbpB mutants and the parent strain all bound significantly more holo-hTf than apo-hTf, whereas the double 'knock-out' mutant failed to bind hTf irrespective of the ironloading. In the isogenic mutants, TbpB was more effective in binding either apo-or holo-hTf than TbpA. Monoclonal antibodies against TbpA and TbpB were used to colocalise the transferrin-binding proteins on strain SD. The ratio of TbpA:TbpB was approximately 1:l. TbpA and TbpB were occasionally observed in close proximity to each other, but the two proteins were generally quite separate, which may indicate that they do not usually form a complex to act as a transferrin receptor.
Introduction
Neisseria meningitidis is one of three major causes of bacterial meningitis, and the only organism capable of causing epidemic outbreaks. Additional interest in this pathogen arises because of the high associated mortality following infection and the lack of a fully cross-protective and long-lasting vaccine. In keeping with all bacterial pathogens, A? meningitidis must cope with limited free iron when in the human host, estimated to be at about M [l] . Unlike many bacteria that produce low molecular mass compounds that bind iron with high affinity (siderophores), N meningitidis acquires iron during infection by binding directly to host iron-binding proteins. The most studied of these are the lactoferrin-binding proteins [2] and the transferrin-binding proteins (Tbps) TbpA and TbpB (formerly designated Tbp 1 and Tbp2) [3 -91. Attention has focused on the Tbps because of their potential critical role in bacterial survival during infection, and their surface exposure. Both of these factors make these proteins attractive vaccine candidates [4, 10, 1 11. Of the two Tbps, TbpB is of most variable molecular mass (65-90 kDa) whereas TbpA is of higher, but less variable (90-100 kDa) molecular mass [3, 7, 1 1, 121. Strains of meningococci examined to date produce either low molecular mass or high molecular mass Tbp combinations [3, 1 1, 121. It is unclear whether meningococci are able to discriminate between apo-and holo-transferrin. Schryvers and Morris [6] used human transferrin (hTf) conjugated to horse radish peroxidase (HRP-hTf) to detect the transferrin receptor in intact meningococci in dot blot assays. They demonstrated that apo-transferrin was less able than 100% Fesaturated transferrin to compete with HRP-hTf binding. Increased binding of holo-compared to apo-transferrin has also been reported for N. gonorrhoeae [ 13, 141 . In contrast, Simonson et al. [S] and Tsai et al. [9] (both groups used an '251-TF assay method) concluded that meningococci could not discriminate between apotransferrin and 30% or 100% iron-saturated transferrin respectively. As it would be advantageous for iron acquisition by meningococci to differentiate between apo-and holo-transferrin, and it has recently been confirmed that N gonorrhoeae has this discriminatory ability [14] , the present study aimed to re-examine the question of whether this occurred in meningococci. A previous study, which used gold-labelled transferrin, demonstrated that the transferrin receptor is surface exposed and expressed in vivo [4] . Little is known about the ratio of TbpA to TbpB in wild-type strains of meningococci, or their proximity to each other, or their relative contribution in binding transferrin. Furthermore, there is still controversy about the extent to which they act as a single complex.
Materials and methods

Bacterial strains and growth conditions
The meningococcal strains used in this study were as follows: strain SD (B: 15:P1.16), strain B16B6 (B:2a:P 1.2) and the following isogenic mutants of strain B 16B6:N 16T 1E (an isogenic mutant expressing TbpB), N16T2K (an isogenic mutant expressing TbpA) and N16T12EK (a mutant that fails to express either Tbp). These mutants were provided by Dr A. B. Schryvers (University of Calgary, Canada) and are described in detail elsewhere [ 151. Bacteria were grown in Mueller-Hinton Broth (Oxoid) to an OD540 of 1.0, in iron-restricted conditions with 25 p~ desferrioxamine (Desferal; Ciba) or iron-sufficient conditions with ferric dicitrate 0.5% v/v as described in detail previously [4] . The Escherichia coli strain expressing the cloned TbpA of meningococcal strain SD has been described previously [ 
51.
Sera
Murine monoclonal antibodies (MAbs) were raised by immunising BALB/c mice with biologically active TbpA or TbpB purified from N meningitidis strain SD, by standard techniques and as described elsewhere [161.
MAb 103 (IgG2a), which was raised against native TbpB derived from strain SD, recognises TbpB but not TbpA and blocks binding of transferrin to TbpB [ 161. The protein concentration of undiluted MAb 103 was 2mg/ml. MAb 2A2 (IgG2a) was raised to recombinant transferrin-binding protein 1 of strain SD and recognises native TbpA but not TbpB by ELISA. The protein concentration of undiluted MAb 2A2 was 1.25 mg/ml.
Liquid-p hase ELISA
This assay was performed as described elsewhere [ 161. MAb 103.3 specificity was determined by Pintor et al. [16] . Mab 2A2 was tested against purified TbpA and TbpB in an antigen-mediated ELISA. Both TbpA and TbpB were coated on an ELISA plate (BioRad) at 0.3 pg/well, unreacted sites were blocked with BSA 3%/PBS/Tween-20 for 1 h. MAb 2A2 was added at 100 pl/well and incubated for 1 h at room temperature. The ELISA plate was then washed thoroughly, an alkaline phosphatase polyclonal anti-mouse conjugate was used to detect MAb 2A2. The reaction was visualised with pNPP substrate (p-nitrophenyl phosphate).
Preparation of gold-labelled human transferrin (Au-hT8 and labelling of cells with Au-hTf Apo-hTf (Sigma) and 100% Fe saturated holo-hTf (Sigma) were separately conjugated to colloidal gold (Biocell) as described previously [3, 4] . The pH of conjugated gold for both preparations was 6.1 and the minimal amount of either apo-or holo-hTf needed to produce a stable conjugate was added to each preparation, giving a final concentration of hTf in each conjugate of c. 190 pg/ml (2.4r-n~). Bacteria were labelled with the Au-hTf and processed for transmission electron microscopy as described previously [4] .
Localisation of TbpA and TbpB
Localisation of bound MAbs (MAb 2A2 or MAb 103) was by detection with neat (10 ,ug/ml) protein A-gold (Biocell). For single labelling experiments, 500 pl of harvested meningococci were centrifuged at 3000 g for 5 min, washed once in phosphate-buffered saline (PBS), centrifuged again and the pellet was allowed to react with 50 pl of the appropriate neat MAbs for 1 h at 25°C. The cells were then washed once in PBS, centrihged at 3000g and then mixed with 5 0 p l of neat 15-nm protein A-gold for 1 h at 25°C. The suspension was then washed once in PBS before negative staining [4] , and examined in a Jeol JEM 1 OOC transmission electron microscope. For doublelabelling experiments the order of reagents was neat MAb 2A2 for 1 h, washed once in PBS, neat 5-nm protein A-gold for 1 h, free protein A (1 mg/ml; Sigma) 30 min (to block any possible unlabelled MAb 2A2). The bacteria were washed in PBS and incubated with neat MAb 103 for 1 h at 25"C, washed once in PBS and incubated for 1 h in neat 15-nm protein Agold. The cells were washed once in PBS and processed for electron microscopy as described previously [4] . Due to the length of the incubations, all wash buffers and incubation buffers contained 25 p~ Desferal for meningococci grown under iron-restricted conditions to maintain iron restriction throughout. The mean labelling density was determined from at least 20 cells.
Statistical analysis
Statistical analysis of the data was with Minitab 8.21 (Minitab Inc., USA). The raw data were transformed by a square root transformation and a two sample t test (95% confidence limits) was performed on the transformed data. 
Results
Specificity of MAbs
Comparison of binding of gold-labelled holo-hTf (Au-holo-hTfl and gold-labelled apo-hTf (Au-apohT8 to N meningitidis
The amount of Au-apo-hTf bound as a function of transferrin concentration is shown in Fig. 1 for both iron-deficient and iron-sufficient grown cells. There was no significant difference (p = 0.13) between the iron-deficient bacteria labelled with neat or a 1:l dilution of Au-apo-hTf. To ensure saturating conditions, neat apo-hTf was used for all experiments.
When grown under iron restriction, strain SD (B:15:P1.16) bound up to 300% more holo-hTf than apo-hTf (p < 0.001) with means and SEM for 50 cells of 303.8 SEM 29.6 (range 46-500) and 98.5 SEM 13.9 (range 16-300), respectively (Tables 1 and 2 ). The ability of the isogenic mutants and parent strain (B 16B6) to discriminate between Au-holo-hTf and Au-apo-hTf was also assessed (Tables 1 and 2 mutant (expressing TbpB) and the parent strain for apo-hTf (p = 0.18) or holo-hTf (p = 0.13). The double 'knock-out' mutant failed to bind significant amounts of either Au-apo-hTf or Au-holo-hTf compared to the parent strain (both p values <0.001).
The Escherichia coli strain expressing TbpA of meningococcal strain SD bound significantly more (p = 0.0001) holo-hTf (mean of 128 SEM 15.4 gold Fig. 3 . There was no significant difference in the degree of labelling between neat or 1:l diluted MAb 103 or MAb 2A2 (p = 0.44 and 0.34, respectively). For localisation studies, neat MAbs were used. MAb 103 (IgG2a), which recognises native TbpB but not native TbpA, was used to determine its ability to detect surfaceexposed epitopes of the TbpB of strain SD (Fig. 4) . The MAb did not react with the E. coli-expressed TbpA of strain SD, and failed to label the surface of strain B16B6 or any of its mutants when examined by immunogold electron microscopy. There was signifi- under iron-restricted conditions compared to ironsufficient conditions (Table 3) .
MAb 2A2, which recognises native TbpA but not native TbpB, bound significantly more (p = 0.0001) to strain SD under iron-restricted than iron-sufficient conditions (Table 3) . MAb 2A2 and MAb 103 were used to co-localise TbpA and TbpB on strain SD (Fig. 4) . Double-labelling with MAb 103 followed by 5-nm protein A-gold and then MAb 2A2 followed by 15-nm protein A gold gave 87. (Fig. 4) . A few gold particles were occasionally seen close together (Fig. 4 ), but these accounted for <5% of the gold labelling.
Discussion
It has been unclear whether meningococci are able to discriminate between apo-and holo-hTf because of the conflicting evidence in the literature. The discrepancy may be due to the different assay methods used (i.e., Tf-horseradish peroxidase and 125 l-Tf) and different experimental conditions (dead cells and outer-membrane preparations have been used commonly). Simonson et al. [8] and Tsai et al. [9] both concluded that meningococci are unable to discriminate between apoand holo-hTf, although the work of Tsai et al. [9] has been mistakenly cited [17] to the contrary. In contrast, Schryvers and Morris [6] have shown that meningococci can differentiate between apo-and holo-hTf, although the difference in binding was subtle [6] . In keeping with an ability to differentiate, the transferrin receptors in Moraxella catarrhalis [18] and A? gonorrhoeae [ 141 have been conclusively shown to bind holo-hTf in preference to apo-hTf.
The conjugation of gold directly to apo-hTf or holohTf and its use in labelling whole cells can give both an estimation of transferrin receptor numbers and their distribution. Using these methods, this study demonstrated directly and quite clearly that N. meningitidis strains B16B6 and SD bind significantly more holohTf than apo-hTf (2.5-and 3-fold respectively). In the Tbp isogenic mutants of strain B16B6, the mutant expressing TbpB bound significantly more (p < 0.001) gold-labelled transferrin (irrespective of iron-loading) than the TbpA-expressing mutant. This is in keeping with the findings of Cornelissen and Sparling for gonococci [14] ; they demonstrated that a mutant expressing only TbpA bound significantly less transferrin than the wild-type strain or the strain that expressed only TbpB. In the isogenic mutants of A? meningitidis strain B16B6 both TbpA and TbpB preferentially bound holo-hTf (2.5-and 1.5-fold increase in binding, respectively). The TbpA from strain SD cloned and expressed in E. coli also discriminated between apo-and holo-hTf, binding 2-fold more holo-hTf than apo-hTf. This contrasts with the observations in gonococci [14] and M. catarrhalis [ 181 where the ability to differentiate between ferrated and apo-transferrin is restricted primarily to TbpB.
For strain B16B6 the results of analysis of isogenic mutants indicate that the ratio of TbpB:TbpA is almost 15:l (with apo-hTf) and 9:l (with holo-hTf), which contrasts strikingly with the ratio of c. 1:l obtained in the co-localisation study with strain SD.
However, it has been demonstrated in gonococci that a mutation in tbpB (the gene encoding TbpB) has polar effects on tbpA (the gene encoding TbpA), reducing expression of its associated TbpA protein. It is likely that this also occurs for meningococci, and as such the true ratio of TbpB:TbpA in the parent strain is less than the values obtained when comparing values for each independently determined from isogenic mutants. Unfortunately, the MAbs used for the studies on strain SD do not cross-react with strain B16B6, so a similar approach to look at the ratio on the B16B6 parent strain was not possible. It is likely, therefore, that the results from strain SD are more representative of the natural ratio of TbpB:TbpA in wild-type meningococci. Interestingly, although the ratio of TbpB:TbpA in gonococci determined from isogenic mutants would be expected to be higher than the value in the wild-type parent gonococcal strain, the ratios determined indirectly appear to be the same, i.e., c. 5:l [14] . Although the ratio of high to low affinity binding sites in the wild-type parent strain may not be reflective of the ratio of TbpB:TbpA, the observation is still difficult to explain.
Whether or not the TbpB:TbpA ratio is reflective of stoichiometry depends on whether or not the two receptors exist as a functional complex. All published models to date are based on the proposed existence of such a complex [14, 17, 19, 201 . However, as yet there is no strong direct evidence for this from cross-linking experiments. Furthermore, the double-labelling experiments presented here failed to demonstrate a proximity between the two Tbps needed for a complex formation. The following evidence has been cited in support of a complex.
(1) In neisseriae, mutants expressing only TbpB cannot utilise transferrin as an iron source [9, 21] , implying a level of interdependence between the two Tbps. (2) Meningococcal mutants expressing only TbpA cannot grow in media with transferrin as sole iron source [15] and that although corresponding gonococcal mutants can do so, the efficiency of iron uptake from transferrin is decreased [21] . (3) TbpB cannot be affinity purified from a meningococcal mutant lacking TbpA, indicating that the Tbps interact with each other in the wild-type parent strain [15] . (4) The Tbps in gonococci are more susceptible to proteolytic degradation when expressed alone [14] . The inability of meningococcal or gonococcal mutants lacking TbpA to utilise ferrated transferrin as a sole iron source is unquestioned, but it is not necessarily evidence of a complex formation. The ability of gonococci expressing only TbpA to bind and utilise human transferrin as an iron source to sustain some growth [21, 22] is further evidence that a complex of the two Tbps is unnecessary, although the inability of a comparable meningococcal mutant to do this [15] contradicts this conclusion. However, we have shown that this meningococcal mutant (mutant N16T2K of strain B16B6 in this work) expresses very few TbpA transferrin receptors. These observations may explain the absence of any significant growth by this mutant under iron-restricted conditions in the presence of transferrin. The observation that meningococcal TbpB could not be affinity purified when expressed in the absence of TbpA, has now been shown not to be the case for either meningococci or gonococci when Sarkosyl was replaced with the non-ionic detergent Triton X-100 [14] . This observation does indicate that a cell not expressing TbpA induces a change in characteristics that prevents TbpB binding to transferrin in Sarkosyl, but not in the presence of other detergents or the absence of detergents. The significance of these observations is difficult to determine, although they do not lead to the conclusion of a complex formation.
The relative susceptibilities of the Tbps of gonococci to proteolytic degradation have been presented as evidence of conformational changes in the Tbps when expressed singly [14] . There is no double that TbpB is more readily degraded in the absence of TbpA than in its presence [14] , implying some direct or indirect change in TbpB, in keeping with the observation of loss of transferrin binding ability in Sarkosyl when expressed alone. An additional conclusion reached by the authors was that TbpA was more susceptible to proteolysis when expressed alone than when expressed with TbpB in the wild-type strain. However, these conclusions are less secure than those drawn for TbpB. Assessment of remaining TbpB was based on a transferrin-binding bioassay, which would be reflective of only surface-exposed (and protease accessible) components of TbpB, whereas remaining TbpA was assayed with an antiserum raised to denatured TbpA, which does not recognise surface-exposed epitopes [23] . The surprise, therefore, is not that TbpA appeared to be resistant to proteolysis, but that there was any detectable degradation at all. In fact the apparent enhanced degradation in the mutant expressing only TbpA could be due to a lower level of TbpA present in the mutant. If this is not the explanation, then the implication is that non-surface-exposed components of TbpA are more readily accessible when expressed in the absence of Tbp2, indicating changes in the cell membrane. Overall, there is no doubt that TbpB behaves differently when expressed in the absence of TbpA, implying that the Tbps do affect each other.
There is evidence that meningococcal Tbps behave cooperatively in wild-type strains. Pintor et al. [24] showed that a polyclonal monospecific antiserum to TbpB significantly reduced iron uptake from transferrin in homologous wild-type strains. As TbpB does not directly mediate iron uptake, the blocking of transferrin binding to TbpB must have reduced the capacity of TbpA to utilise iron from transferrin. The mechanism of this co-operation is unknown. Analysis of transferrin binding data in gonococci is indicative of two binding sites [14] . These sites were considered to be high (Kd = 0.8 nM) and low (Kd = 16 nM) affinity sites of TbpA and Tbp2 acting co-operatively. The conclusion that these sites were not TbpA and TbpB alone was based on the differing Kd values for these proteins when expressed alone (Kd for TbpA = 2.3 nM and for TbpB = 7.4 n~) . However, these data may be open to mis-interpretation because ferrated transferrin was used in the assays. If the viable gonococci at room temperature used iron from the transferrin during the 20-min incubation period, then the wild-type strain would have had transferrin affinity values calculated for a mixture of ferrated and apo-transferrin, whereas the TbpB-expressing isogenic mutant would have yielded results for only ferrated transferrin (as TbpB alone cannot utilise iron from this source). The overall effect in gonococci would be to yield higher Kd values for TbpB in the wild-type strain than when expressed alone, due to its higher affinity for ferrated transferrin. Therefore, it remains a possibility that the two sites detected in the wild-type gonococci are separate TbpA and B. The use of apotransferrin in such experiments may overcome the problem of iron utilisation and changing affinities.
Although the double-labelling experiments presented here for meningococci rarely demonstrated a proximity between the two Tbps needed for a complex formation, it could be argued that this is due to steric hindrance between the gold particles. It is possible that a protein A-gold particle bound to a TbpB molecule may block access of the second MAb or the second protein A-gold particle, or both, to a complexed TbpA molecule. To assess whether steric hindrance was a problem, the MAbs against the Tbps were individually localised on strain SD and the results were compared to the double-labelling experiment. The values obtained in the double-labelling experiment were actually higher (but not significantly different) than those obtained with the MAbs separately. If steric hindrance was a factor to be considered, the labelling would have decreased in the colocalisation study. In the double-labelling experiment, TbpA and TbpB were occasionally observed in close proximity to each other (c. 5%), but generally they were quite separate.
The effectiveness of the double-labelling experiment depended on being able to saturate the appropriate Tbp with the first MAb, and to ensure that the protein A-gold solutions used were saturating. These factors were investigated, and both MAbs and protein A-gold solutions were used neat in order to ensure saturation. Excess free protein A (1 mg/ml) was used between the first and the second MAbs, to ensure that even if the first MAb was not saturated by the protein A-gold, any unlabelled MAb would be blocked by the fi-ee protein A.
The absence of clear, direct or indirect, evidence of a Tbp complex does not mean that a physical complex does not exist. However, it does strengthen the case for other models to be considered. One such model is as follows. It is possible that TbpB, which can differentiate between apo-and holo-hTf [ 14, 16, 171 , serves as a receptor to increase the relative concentration of required holo-hTf at the immediate surface environment of the meningococcal cell. The apo-hTf resulting from removal of the iron would be replaced by holo-hTf as a result of the usual lectin-ligand interaction turn-over, and the free apo-hTf removed from the immediate cell-surface environment following interaction with a free TbpB molecule and its release in favour of holo-hTf. In this way TbpB may serve to maintain a holo-hTf-rich micro-environment that can be utilised by the cell via TbpA. For such a mechanism to be effective the relative affinities for the Tbps for apo-and ferrated transferrin would have to be in the order of TbpA holo-hTf >TbpB holo-hTf > TbpB apo-hTf > TbpA apo-hTf. Such relative affinities await experimental confirmation.
